The p53 tumor suppressor protein inhibits the formation of tumors through induction of cell cycle arrest and/or apoptosis. In the present study we demonstrated that p53 is also a powerful inhibitor of human telomerase reverse transcriptase (hTERT), a key component for telomerase. Activation of either exogenous temperature-sensitive (ts) p53 in BL41 Burkitt lymphoma cells or endogenous wild type (wt) p53 at a physiological level in MCF-7 breast carcinoma cells triggered a rapid downregulation of hTERT mRNA expression, independently of the induction of the p53 target gene p21. Co-transfection of an hTERT promoter construct with wt p53 but not mutant p53 in HeLa cells inhibited the hTERT promoter activity. Furthermore, the activation of the hTERT promoter in Drosophila Schneider SL2 cells was completely dependent on the ectopic expression of Sp1 and was abrogated by wt p53. Finally, wt p53 inhibited Sp1 binding to the hTERT proximal promoter by forming a p53-Sp1 complex. Since activation of telomerase, widely observed in human tumor cell lines and primary tumors, is a critical step in tumorigenesis, wt p53-triggered inhibition of hTERT/telomerase expression may re¯ect yet another mechanism of p53-mediated tumor suppression. Our ®ndings provide new insights into both the biological function of p53 and the regulation of hTERT/telomerase expression. Oncogene (2000) 19, 5123 ± 5133.
Introduction
Human telomerase, a ribonucleoprotein enzyme that extends chromosome ends with (TTAGGG)n telomeric repeat sequences, is generally inactive in normal human somatic cells Kim et al., 1994; Reddel, 1998) . Without telomerase activity, telomeres in somatic cells shorten progressively with each round of cell division due to`the end replication problem' and the cells eventually enter senescence when their telomeres reach a critical length. Recent evidence suggests that tumor cells can overcome this intrinsic mitotic clock and escape senescence via activating telomerase and consequently compensating for the attrition of telomeres during cellular replication Kim et al., 1994) . Activation of telomerase is thus believed to be linked to cellular immortalization and tumorigenesis and has been observed in a variety of human tumor cell lines and in primary malignant cells/tissues .
It is currently unclear how telomerase is activated or regulated in human tumor cells. The human telomerase complex is comprised of multiple components, but telomerase reverse transcriptase (hTERT) is the key component for the control of telomerase activity (Bodnar et al., 1998; Meyerson et al., 1997; Nakamura et al., 1997) . Induction of hTERT expression is required for telomerase activation during cellular immortalization and tumor progression (Meyerson et al., 1997) . The ectopic expression of hTERT is capable of reconstituting telomerase activity in normal human telomerase-negative ®broblasts and as such immortalizes these transfectants (Bodnar et al., 1998; Vaziri and Benchimol, 1998) . Therefore, the insight into the regulatory mechanisms of hTERT expression will contribute to a better understanding of telomerase activation in human tumors.
The p53 protein is a transcription factor with multiple biological activities. p53 accumulates in response to cellular stress such as DNA damage, hypoxia and oncogene activation, triggering cell cycle arrest and/or apoptosis (see Asker et al., 1999) . This requires transactivation or repression of speci®c target genes and probably transcription-independent events as well (see Ko and Prives, 1996; Gottlieb and Oren, 1998) . p53 may also play a role as a regulator of the cellular senescence program (see Levine, 1997; Reddel, 1998) . Absence of functional p53 allows cellular immortalization and predisposes cells to neoplastic transformation. p53 is inactivated by mutation and various other mechanisms in more than 50% of all human tumors (see Asker et al., 1999; Hollstein et al., 1994) .
The fact that hTERT/telomerase and p53 seem to counteract each other in the context of cellular aging and immortalization and that the activation of telomerase and inactivation of p53 are characteristic of human tumors raises the question of whether there exists a link between hTERT/telomerase regulation and p53. p53 has been shown to directly interact with the transcription machinery and to negatively regulate a variety of cellular genes (Ko and Prives, 1996) . Introduction of wild type (wt) p53 into tumor cells was recently shown to inhibit telomerase activity/ hTERT expression Kusumoto et al., 1999) . In the present study, we corroborated this ®nding and further de®ned the regulatory mechanisms by which p53 represses the expression of hTERT.
Results
Rapid downregulation of hTERT mRNA expression in BL41-ts p53 cells upon activation of wt p53
The BL41 Burkitt lymphoma cells transfected with a temperature sensitive (ts) p53 construct (BL41-ts p53) are arrested in G1 phase of cell cycle and undergo apoptosis upon activation of wt p53 at 328C (Okan et al., 1995; Ramqvist et al., 1993) . The BL41-ts p53 cells were harvested at various time points after temperature shift to 328C and examined for hTERT mRNA expression. A signi®cant decline in hTERT expression occurred in BL41-ts p53 cells 1 ± 2 h after the temperature shift to 328C and only around 10% of the original level of hTERT mRNA remained by 24 h (Figure 1a) . Consistent with the long half-life of telomerase activity (524 h) (Holt et al., 1997; Xu et al., 1996) , there was no detectable change in telomerase activity within this period ( Figure 1a ). In contrast, neither hTERT expression nor telomerase activity decreased in parental BL41 cells carrying endogenous mutant p53 cultured at 328C (Figure 1a) .
To corroborate the wt p53-mediated downregulation of hTERT mRNA shown by the competitive RT ± PCR analysis, we also examined the levels of hTERT mRNA in the BL41-ts p53 cells by Northern blotting. The 377 bp hTERT probe detected two major and one minor RNA species, around 4.4, 9.5 and 6 kb, respectively, in BL41-ts p53 cells grown at 378C. As shown in Figure 1b , hTERT mRNA expression decreased rapidly following a temperature shift to 328C, con®rming the results from the competitive RT ± PCR.
Since the BL41-ts p53 cells undergo apoptosis within 24 ± 48 h following the induction of wt p53 at 328C (Ramqvist et al., 1993) , the experiment was terminated at 24 h. For the same reason, it was impossible to determine whether the decreased expression of hTERT mRNA is followed by a decline in telomerase activity in these cells. To overcome this problem, we examined a subline of BL41-ts p53 cells in which the EpsteinBarr virus (EBV) encoded latent membrane protein1 (LMP1) had been introduced using a retroviral vector. LMP1 prevents p53-induced apoptosis in BL41-ts p53/ LMP1 cells (Okan et al., 1995) , allowing us to study telomerase activity over a longer time period (4 ± 6 days). Induction of wt p53 caused a reduction of hTERT mRNA levels in the BL41-ts p53/LMP1 cells (data not shown), followed by a progressive decline in telomerase activity starting at day 2 after temperature shift (Figure 1c ).
Activation of endogenous wt p53 induces the inhibition of hTERT expression in MCF-7 breast carcinoma cells
To determine whether activation of endogenous wt p53 at physiological levels can also inhibit hTERT expression, we investigated the eects of DNA damage-induced accumulation of wt p53 on hTERT mRNA levels in MCF-7 breast carcinoma cells carrying wt p53. MCF-7 cells were incubated with 10 mg/ml of mitomycin C (MMC) to activate wt p53 (data not shown) and then assayed for hTERT expression and telomerase activity. MMC treatment of MCF-7 cells resulted in a rapid reduction of hTERT expression (Figure 1d ), similar to that observed after the activation of exogenous wt p53 in BL41-ts p53 cells. In contrast, only a slight decline in hTERT mRNA level was detected in T-47D breast carcinoma cells carrying mutant p53 and in p53 null MDA-MB-157 cells after exposure to MMC (Figure 1d) . Thus, hTERT expression is repressed in response to activation of endogenous wt p53.
Downregulation of hTERT mRNA mediated by wt p53 is independent of p21 induction Recent observations have suggested that telomerase activity is proliferation-related, with high levels in actively cycling cells and low levels in quiescent cells (Greider, 1998) . Moreover, transfection of human tumor cells with p21, the cyclin-cdk inhibitor, was shown to cause cell cycle arrest accompanied by inhibition of telomerase activity (Kallassy et al., 1998) . p53 triggers G1 cell cycle arrest through the induction of p21 (Asker et al., 1999) . The question arises as to whether wt p53-mediated inhibition of hTERT/ telomerase expression is a consequence of p53-induced p21 expression and/or cell cycle arrest. To address this question, we used antisense oligonucleotides for p21 mRNA (AS/p21) to inhibit the induction of p21 in BL41-ts p53 cells grown at 328C. Following the addition of AS/p21 oligo, the cells were incubated at 328C for 8 h. Compared to the control cells at 328C or the cells treated with sense oligonucleotides for p21 mRNA (SS/p21), up to 80% of the p21 induction observed after temperature shift to 328C was inhibited in the presence of AS/p21, and [ 3 H]-thymidine incorporation demonstrated that the AS/p21-treated cells actively synthesized DNA due to the abrogation of p21 expression (Figure 2a and b) . Nevertheless, hTERT and mRNA expression was still downregulated to the same extent in the absence of p21 induction and cell growth arrest (Figure 2c and d) . The result suggests that the induction of p21 is not required for the p53-mediated suppression of hTERT expression in BL41-ts p53 cells. However, it is possible that even residual p21 protein in the AS/p21-treated cells was sucient to trigger a decline in the levels of hTERT mRNA. To test this, we treated BL41-ts p53 cells with 0.5 mM mimosine which is known to induce p21 expression and arrest cell growth independently of p53. Mimosine treatment, although inducing p21 expression and inhibiting cell proliferation more eciently than wt p53 activation in BL41-ts p53 cells, did not signi®cantly aect the hTERT mRNA levels (Figure 3 ). p21 itself, therefore, is unlikely to be a direct regulatory factor that inhibits hTERT expression.
wt p53 but not mutant p53 inhibits transcription of hTERT gene
We then asked whether hTERT transcription was reduced by overexpression of wt p53. To this end, the eects of p53 on hTERT promoter activities were examined in the cervical carcinoma cell line HeLa that expresses strong telomerase activity and lacks functional p53. We tested three hTERT promoter constructs designated p330, p1009 and p3996, containing the ®rst exon, ®rst intron and the part of the second exon, as well as 330, 1009 and 3996 bp fragments (Cong et al., 1999) . The construct p330 represents the hTERT proximal promoter. These three constructs all gave rise to high levels of luciferase activity in HeLa cells (data not shown). When 1 mg p330 reporter plasmids together with 0.5 mg wt p53 vectors were transfected into HeLa cells, hTERT promoter activities were suppressed by up to 90% compared to that in the same cells cotransfected with p330 and the empty vector, demonstrating that the reduction of hTERT mRNA by p53 occurs at transcriptional level ( Figure 4a ). A similar inhibitory eect was also observed in p1009 or p3996 plus wt p53-transfected HeLa cells. This indicates that the hTERT proximal promoter p330, is sucient for p53-mediated inhibition of hTERT transcription. As shown in Figure  4b , the eect of wt p53 was dose-dependent and even 10 ng of wt p53-containing constructs resulted in a signi®cant suppression of hTERT promoter-driven luciferase activity. On the contrary, the His-273 mutant p53 construct, did not signi®cantly inhibit hTERT promoter activity in HeLa cells. Both wt and mutant p53 did not aect b-Gal and GFP expression driven by the CMV promoter ( Figure 4c and data not shown), indicating speci®c eects of wt p53 on the hTERT promoter activity.
Sp1-mediated transactivation of hTERT promoter is significantly blocked by wt p53 in SL2 cells
Like other cellular and viral gene promoters which are repressed by p53, hTERT promoter lacks p53 consensus-binding sites (Cong et al., 1999; Greenberg et al., 1999; Takakura et al., 1999; Wick et al., 1999; Wu et al., 1999a) . P53-mediated transcriptional repression of the hTERT gene could result from its interaction with the protein components of transcription machinery such as the transcription activator, Sp1, as demonstrated in several p53-repressing genes (Bargonetti et al., 1997; Ko and Prives, 1996; Perrem et al., 1995; Wang and Beck, 1998b) . The hTERT promoter indeed harbors multiple putative Sp1 binding sites (Cong et al., 1999; Takakura et al., 1999; Wick et al., 1999) . To investigate whether these Sp1 binding sites could mediate the transcriptional activation of hTERT by Sp1, we cotransfected the P330 construct with the Sp1 expression vector (driven by the Drosophila actin promoter, Pac) into SL2 cells that lack endogenous Sp1 (Courey and Tjian, 1998) and telomerase activity. The P330 construct was inactive in SL2 cells and its activation completely depended on the ectopic expression of Sp1 in a dose-related fashion (Figure 5a) . However, the Sp1-mediated transactivation of the p330 The images in c were analysed with densitometry and the levels of hTERT mRNA in control and AS/p21 or SS/p21-treated BL41-ts p53 cells at 328C were expressed as the percentage of those in the same cells grown at 378C reporter was signi®cantly inhibited by co-transfection of wt p53 (Figure 5a ). This eect of wt p53 was not due to reduced Sp1 expression as demonstrated by Western blot analysis (Figure 6a ). To rule out a possible non-speci®c eect of wt p53, a Pac-driven bGal expression vector was co-transfected with wt p53 and Sp1 vectors into SL2 cells and wt p53 did not aect b-Gal expression (Figure 5b ). Moreover, SL2 cells lack p53 homologs (Soussi et al., 1990) and the ectopic expression of p53 did not aect the cell viability and proliferation status (Figure 5c and data not shown). Thus, wt p53 speci®cally inhibited the Sp1-mediated activation of the hTERT promoter. Compared to wt p53, His-273 mutant p53 had a much weaker inhibitory eect on the Sp1-dependent hTERT promoter activity (Figure 5a ). wt p53 forms a complex with Sp1 and inhibits Sp1 binding to the hTERT proximal promoter Since wt p53 did not aect the Sp1 expression level in SL2 cells (Figure 6a ), we examined whether p53 and Sp1 could physically interact with each other. wt p53 was readily immunoprecipitated with an Sp1 antibody in SL2 cells cotransfected with the p53 and Sp1 constructs (Figure 6b ), indicating the in vivo formation of p53-Sp1 complex. The nuclear extracts from these cells were further analysed for their binding to Sp1 motifs in the hTERT core promoter. An electrophoretic mobility shift assay (EMSA) was performed with a 400 bp double-stranded probe (Probe 400) containing two consensus and three degenerated Sp1 binding sites upstream of the hTERT transcription start site. Consistent with the p330 reporter data, Sp1-transfected SL2 cells exhibited a speci®c binding activity to the probe while the co-transfection with wt p53 almost completely abolished the binding to the Sp1-binding sites (Figure 6c ).
In addition, we further determined the potential interaction between Sp1 and wt p53 in MMC-treated MCF-7 cells. Sp1 protein was equally expressed in untreated and treated cells while wt p53 protein was dramatically induced by MMC treatment (Figure 6d) . Interestingly, wt p53 could also be co-immunoprecipitated with an Sp1 antibody in MMC-treated MCF-7 cells (Figure 6d ), suggesting the possibility that the functional interaction between wt p53 and Sp1 is physiologically relevant in regulating hTERT expression.
To further con®rm that wt p53 rather than its downstream eectors directly repressed the formation of Sp1/DNA complex observed in SL2 cells, we performed EMSA in the presence of the puri®ed recombinant human full length of wt p53 protein (wt p53/¯) or the wt p53 core domain (wt p53/core). Neither wt p53/¯nor wt p53/core bound the hTERT (Figure 6e ). In contrast, wt p53/core did not interfere with Sp1-DNA binding (Figure 6e ). These results thus suggest that the full length of p53 protein is required for the inhibition of Sp1-DNA binding.
Discussion
Our data demonstrate that hTERT expression is transcriptionally downregulated upon the induction of wt p53 in human tumor cells. Similarly, two recent studies showed that the overexpression of wt p53 inhibited telomerase activity and hTERT expression in pancreatic cancer cells Kusumoto et al., 1999) . This ®nding, coupled with the observation that telomerase was activated concomitantly with the loss of the remaining functional wt p53 allele in LiFraumeni syndrome (LFS) skin ®broblasts with heterozygous germline p53 mutations (Gollahon et al., 1998) , suggests the existence of a p53-dependent regulatory pathway for hTERT/telomerase control in human cells. In further support of this proposal, a number of clinical studies revealed a close correlation between high levels of telomerase activity and p53 abnormalities (Loveday et al., 1999; Roos et al., 1998; Wu et al., 1999b) .
One essential question is whether downregulation of hTERT expression is a direct eect of p53 or merely a consequence of other p53-dependent functions. Our results suggest that hTERT downregulation is not due to p53-induced apoptosis, as abrogation of p53-induced apoptosis by the EBV/ LMP1 protein did not block p53-mediated suppression of hTERT expression and telomerase activity. Furthermore, the overexpression of wt p53 did not induce apoptosis in SL2 cells, but nevertheless caused the repression of hTERT promoter activity in these cells.
As wt p53 induces p21 expression and cell cycle arrest, while telomerase activity seems growth-regulated, i.e. high in actively proliferating cells and low in quiescent cells (Greider, 1998) , we examined the relationship between hTERT mRNA downregulation and p21/cell cycle arrest induced by wt p53 in BL41-ts p53 cells in further detail. The obtained data provide evidence that p21 inducted and cell growth arrest is not required for the onset of hTERT mRNA reduction mediated by wt p53. First, a signi®cant decrease in hTERT expression was already seen within 1 ± 2 h of wt p53 activation, whereas a detectable p21 protein and G1 arrest occurred at 4 ± 8 h, and 15 ± 18 h post-wt p53 activation, respectively, in BL41-ts p53 cells (Okan et al., 1995;  data not shown). Second, despite the absence of growth arrest in SL2 cells following wt p53 transfection, the transactivation of hTERT promoter by Sp1 was signi®cantly abrogated by wt p53. Finally, hTERT mRNA was still downregulated even when the p53-mediated induction of cell growth arrest was greatly diminished by AS/p21 treatment. One may argue that the residual p21 protein may be sucient to trigger the downregulation of hTERT expression in the AS/p21-treated BL41-ts p53 cells. However, this seems unlikely because the high levels of p21 protein and cell cycle arrest induced by mimosine in the same cells without wt p53 activation did not signi®cantly aect the expression of hTERT mRNA. In recent studies, hTERT mRNA was found to be expressed in both actively regenerating cells and mitotically inactive breast lobular epithelium (Harle-Bachor and Boukamp, 1996; Kolquist et al., 1998); and the ability of c-myc to induce hTERT expression could be separated from its ability to stimulate cell proliferation (Wu et al., 1999a) . Thus, hTERT expression does not strictly correlate with the proliferative status of cells. However, transfection of human immortal keratinocytes with p21 was shown to trigger cell cycle arrest accompanied by an inhibition of telomerase activity (Kallassy et al., 1998) . A possible explanation for the discrepancy between this result and ours is that p21 is not involved in the early downregulation of hTERT expression observed in BL41-ts p53 cells but may be directly or indirectly involved in hTERT/telomerase regulation over a longer period. Indeed, the suppression of telomerase activity in the human keratinocytes did not occur until 2 weeks after p21 transfection. Alternatively, the observed decline in telomerase activity in the p21-transfected cells is simply a consequence of overall low Binding of puri®ed Sp1 protein and Sp1 and/or wt p53-transfected SL2 nuclear extracts to the hTERT core promoter. 0.4 fpu Sp1 or 5 mg of the nuclear extracts from SL2 cells transfected as indicated were incubated with a 400 bp double-stranded hTERT core promoter probe and the Sp1-DNA complex was resolved in 4% of polyacrylamide gels. C: Sp1 competitive oligonucleotides; MC: mutated Sp1 oligonucleotides. (d) wt p53 and Sp1 expression and their physical interaction in MMC-treated MCF-7 cells. wt p53 and Sp1 protein levels were determined using Western blot. For immunoprecipitation (wt p53 IP), the protein extracts were precipitated with Sp1 antibody and co-precipitated p53 protein was detected with p53 antibody. (e) The full length wt p53 but not the p53 core domain protein prevents Sp1 from binding the hTERT proximal promoter. EMSA was performed in the presence of recombinant full length wt p53 or the p53 core domain protein. wt p53/¯: the full length wt p53 and wt p53/core: the p53 core domain metabolic activity resulting from p21-induced cell growth arrest.
p53 transcriptionally represses a number of cellular and viral genes which lack p53 consensus-binding sites in their promoters (Ko and Prives, 1996; Gottlieb and Oren, 1998) . p53-mediated transcriptional repression may result from its direct interaction with transcription factors or protein components of the transcription machinery such as the TATA binding protein (TBP), TATA associated factors (TAFs), CCAAT-binding factor (CBF) and Sp1 (Bargonetti et al., 1997; Ko and Prives, 1996; Perrem et al., 1995) . The hTERT promoter does not harbor any classical p53 binding sites, and it lacks a TATA motif. However, the observation that Sp1 binds at least ®ve sites in the hTERT core promoter (Takakura et al., 1999) , along with our and other's ®nding that Sp1 is a strong transactivator of the hTERT promoter , suggest a plausible pathway: p53 may render Sp1 inactive for hTERT transcription. Kanaya et al. (2000) showed that the mutation of Sp1 motifs on the hTERT promoter led to inability of p53 to repress hTERT transcription. We further demonstrated formation of wt p53-Sp1 complexes, disruption of Sp1-hTERT promoter binding and inability of Sp1 to transactivate the hTERT promoter in the presence of wt p53. Moreover, a wt p53-Sp1 complex was formed in the MMC-treated MCF-7 cells, indicating a physiological relevance of the interaction between wt p53 and Sp1 in the regulation of hTERT/telomerase expression in human cells. Similar phenomena have been observed in other Sp1 binding site-containing promoters (Perrem et al., 1995) . Using DNase footprinting, Bargonetti et al. (1997) showed that wt p53 not only prevented Sp1 from binding to its consensus motifs but also competed for these binding sites with Sp1, whereas mutant p53 did not change the Sp1-DNA binding. However, Borellini et al. (1993) found that mutant p53 proteins also interact with Sp1 and the resultant mutant p53-Sp1 complexes stimulated rather than inhibited gene transcription. It is currently unclear why wt p53 and mutant p53-Sp1 complexes exhibit dierential eects on the regulation of gene expression.
It is well-known that myc oncogene directly activates hTERT gene (Wang et al., 1998a; Wu et al., 199a) , and Sp1 seems to be required for this action of myc . Although the activation of wt p53 does not lead to changes in c-myc expression in BL41-ts p53 cells (Sangfelt et al., 1996) , the interaction between p53 and Sp1 might aect the myc-regulatory pathway of hTERT expression as well. In addition, p53 was shown to interact directly with the telomerase associated protein and consequently inhibit telomerase activity (Li et al., 1999) . Therefore, the inhibitory eect of p53 on hTERT and telomerase may occur through multiple pathways.
It should be emphasized that inactivation of wt p53 would not necessarily result in telomerase activation. Telomerase activity is stringently controlled at multiple levels by multiple factors and dierent types of cells may display dierent regulatory mechanisms (Cong et al., 1999) . Thus p53 is unlikely the only barrier to hTERT/telomerase activation. This is exempli®ed by the human ®broblasts transfected with SV40 large T antigen that binds to and inactivates p53. In these cells, hTERT/telomerase activation does not occur until further genetic alterations are acquired Reddel, 1998) . The control of telomerase/hTERT expression may be more stringent in ®broblasts. On the other hand, c-myc and the E6 protein of the human papillomavirus are able to directly induce hTERT expression and activate telomerase in normal human cells (Kiyono et al., 1998; Klingelhutz et al., 1996) . Some genetic or molecular events may allow cells to bypass the wt p53-mediated control of hTERT/ telomerase and thus it is not surprising that activation of telomerase also occurs in tumor cells carrying wt p53, such as MCF-7 cells. MCF-7 cells, like other wt p53-carrying tumor cells, have presumably evolved mechanisms to escape many of the eects of wt p53 including growth arrest and apoptosis. Moreover, the maintenance of telomeres by a mechanism (alternative lengthening of telomeres) other than telomerase activation has been observed in a subset of human tumors (Bryan et al., 1995 (Bryan et al., , 1997 . Therefore, a simple correlation between hTERT/telomerase activation and p53 status in tumor cells should not be expected.
In conclusion, we demonstrate that hTERT expression is downregulated following induction of wt p53 in human tumor cells and that wt p53 directly inhibits hTERT transcription. Given that hTERT/telomerase activation is central for cell immortalization, and tumor development and progression, this novel function of p53 may represent an important mechanism of tumor suppression mediated by p53. Accordingly, our data should contribute to a better understanding of not only telomerase/hTERT regulation but also aging, immortalization and tumorigenesis.
Materials and methods

Cell lines and cell culture
The BL41 Burkitt lymphoma cell line and the establishment of the BL41-ts p53 (BL41 transfected with a ts p53 construct) and BL41-ts p53/LMP1 (BL41-ts p53 cells infected with an LMP1 retrovirus) sublines have been described previously (Okan et al., 1995; Ramqvist et al., 1993) . For the induction of wt p53 in BL41-ts p53 and BL41-ts p53/LMP1 cells, the culture temperature was shifted from 37 to 328C. The BL41-ts p53 cells were incubated with 0.5 mM of mimosine (Sigma, St. Louis, MO, USA) to induce p21 and cell cycle arrest. The breast carcinoma cell lines MCF-7 (wt p53), T-47D (mutant p53) and MDA-MB-157 (p53 null) were maintained in IDM medium (Life Technologies, Paisley, UK). MCF-7 cells were incubated with 10 mg/ml mitomycin C (Sigma) to induce wt p53 expression. The cervical carcinoma cell line HeLa cells were grown in RPMI 1640 medium (Life Technologies). The SL2 cells were cultured at 258C in Schneider's Drosophila medium (Life Technologies). All the culture media contained 10% fetal calf serum and 100 U/ml penicillin.
Antisense oligonucleotides for p21 mRNA
Phosphorothioate-modi®ed oligonucleotides were commercially synthesized (EurogentecBel AS, Seraing, Belgium). The sequence for the p21 antisense oligonucleotide (AS/ P21), 5'-TCC CCA GCC GGT TCT GAC AT-3', is complementary to the region of the inhibition codon of p21 mRNA. The p21 sense oligonucleotide (SS/P21) is 5'-ATG TCA GAA CCG GCT GGG GA-3'. BL41-ts p53 cells were maintained in AIM V medium (Life Technologies) for one week before the experiment was performed. Oligonucleotides Oncogene Downregulation of hTERT mRNA by wt p53 D Xu et al were ®rst incubated with lipofectin (Life Technologies) for 30 min and then added to the BL41-ts p53 cell culture (®nal concentration 20 mM) prior to temperature shift from 37 to 328C and the cells harvested at indicated time points at 328C. RNA extraction, reverse transcription and quantitative determination of hTERT mRNA expression and half-life Total cellular RNA was extracted using the ULTRASPEC TM -II RNA kit (Biotecx Lab., Houston, TX, USA). cDNA was synthesized using random primers (N6) (Pharmacia, Uppsala, Sweden) and MMLV reverse transcriptase, as described (Xu et al., 1998 (Xu et al., , 1999 . The hTERT PCR primer sequences were CGGAAGAGTGTCTGGAGCAA (Upper) and GGAT-GAAGCGGAGTCTGGA (Lower). The competitive template for hTERT, constructed by inserting a LAC operator sequence in the middle of the wild type template by mimic PCR, was 21 bp longer than its wild type counterpart. cDNA corresponding to 50 ng of RNA was coampli®ed with the competitor (5610 3 molecules) using 32 cycles (948C 45", 608C 45" and 728C 90"). In addition, b 2 -Microglobulin (b 2 -M) expression was used as a control for RNA loading and RT eciency and coampli®ed with its competitive template (5610 5 molecules) using 25 cycles (Xu et al., 1999) . PCR products were resolved in 4% Metaphor (Rockland FMC, ME, USA) agarose gels, stained with ethidium bromide, visualized in UV light, and photographed. Volumetric integration of signal intensities was performed by using the NIH Image software (Version 1.58). The relative levels of hTERT mRNA was calculated from the ratio of hTERT and competitor signal density normalized to the ratio of b 2 -M and its competitor.
Northern blot
Up to 8 mg of poly A mRNA derived from BL41-ts p53 cells at 37 and 328C were size fractionated in 1% of formaldehyde-agarose gels, transferred to a Hybond nylon membrane (Amersham, UK) and hybridized to a 377 bp hTERT cDNA fragment cut from the pUHD 10-3 vector (Kolquist et al., 1998; Meyerson et al., 1997) (provided by Drs WL Gerald and KA Kolquist, Memorial Sloan-Kettering Cancer Center, New York, USA). The same membrane was then reprobed with a full length of human GAPDH cDNA for loading control.
Telomerase activity assay
A commercial Telomerase PCR ELISA kit (Roche Diagnostics Scandinavia AB, Stockholm, Sweden) was used to determine telomerase activity in all specimens according to the manufacturer's protocol using 20 PCR cycles (Xu et al., 1998) . Protein extraction and measurement was performed as described (Xu et al., 1996) .
Immunoblotting and immunoprecipitation
Protein extracts were prepared by direct lysis into sodium dodecyl sulate (SDS) sample buer. An equal amount of protein extracted from control and treated cells was resolved by SDS-polyacrylamide gel electrophoresis (SDS ± PAGE) and transferred to nitrocellular membrane. p53, p21 and Sp1 proteins were detected with monoclonal (p53 and p21, Oncogene Research Products, Uniondale, NY, USA) or polyclonal (Sp1, Santa Cruz Biotechnology, Santa Cruz, CA, USA) antibodies, respectively and horseradish peroxidase and visualized by enhanced chemiluminescence (ECL Amersham, UK). The blots were then reprobed for b-actin protein for a loading control. For immunoprecipitation, 500 mg of total cellular protein derived from SL2 cells transfected with Sp1 and/or p53 vector or MCF-7 cells treated with MMC or Ara-C was pre-cleared with protein G-sepharose beads (Pharmacia) 2 h at 48C and immunoprecipitated with 1 mg of Sp1 polyclonal antibody at 48C for 6 h. The antibody-protein complex was then adsorbed onto the beads, washed and denatured. The entire precipitated proteins were resolved in SDS ± PAGE and detected with p53 antibody as described above.
Plasmids, transient transfection and reporter gene assay
The cytomegalovirus (CMV) enhancer-promoter driven expression vectors containing human wt p53 and mutant p53 have been described (Selivanova et al., 1997) . The hTERT promoter deletion mutants p330, p1009 and p3996, cloned upstream of the ®re¯y luciferase reporter in the pGL2-Enhancer vector, were described (Cong et al., 1999) and kindly provided by Dr Bacchetti (McMaster University, Canada). Sp1 expression vector pPacSp1 and the empty vector pPacU were generously provided by Dr R Tjian (University of California, Berkeley, USA). To generate the p53 vectors which can be expressed in SL2 cells, the full length of wt and mt p53 cDNA was inserted into pPacU at the BamHI site. All the cells were transfected with Lipofectin (Life Technologies). 10 5 HeLa cells on 12-well plates were transfected with 1 mg hTERT reporter plasmids in the presence of various amounts of wt p53, mt p53 and empty vectors, respectively. SL2 cells were transfected with p330 together with Sp1 and/or p53 vectors. Cell extracts were prepared 24 h (human cells) or 48 h (SL2 cells) later for luciferase activity determination. For transfection eciency control, all hTERT luciferase vectors were cotransfected with 50 ng of the Renilla reniformis luciferase-containing plasmids, whose gene is under the control of SV40 enhancer/promoter or TK promoter. Fire¯y and Renilla luciferase activity in cell lysates was determined by using the Dual Luciferase Reporter Assay System (Promega) according to the manufacturer's instructions. The ®re¯y luciferase activity was normalized to the Renilla reniformis luciferase activity (human cells) or the protein concentration and/or b-Gal (SL2 cells).
EMSA
The two double-stranded probes, end-labeled with 32 P-dATP, were used. One of them was a 400 bp PCR-generated fragment (forward primer: 5'-CTAGGCCGATTCGACCTCTCTC-3' and reverse primer: 5'-CTTCCCACGTGCGCAGCAGGA-3') which spans the hTERT core promoter region and contains multiple Sp1 binding sites; the other was a synthetic oligonucleotide with a single Sp1-binding site (corresponding to the region of hTERT transcription start site: 5'-TCCTTTCCGTGGCCCCGCCCTCTCCTCGCGGCGCGA -3'). The probe (25 000 c.p.m.) was incubated with 0.4 fpu Sp1 (Promega) in the presence or absence of unlabeled Sp1 competitive oligonucleotides on ice for 30 min and the reaction mixture was electrophoresed in a 4% of polyacrylamide gel in 0.25 6 TBE buer. When the nuclear proteins from SL2 cells were used for EMSA, 5 mg of the extracts were pre-incubated with 2 mg of Poly (dI-dC) for 10 min on ice before the addition of the probe and/or the Sp1 competitors. The Sp1 speci®c competitive oligonucleotide and its mutated sequence were: ATATCTAGAGCGCTGCGGGGCGGAGCGAAG and ATATCTAGAGCGCTGCGGTGTGGAGCGAAG, respectively. The puri®cation of the recombinant human wt p53/D ownregulation of hTERT mRNA by wt p53 D Xu et al and wt p53/core domain proteins has been described (Selivanova et al., 1997) .
